Iron oxidation state and coordination geometry have been determined by Fe K-edge X-ray absorption near edge spectroscopy (XANES) for three sets of silicate glasses of peralkaline rhyolitic composition with different peralkalinity values. These compositions were chosen to investigate the effect of alkali content (and oxygen fugacity) on the Fe oxidation state. The samples were produced by means of hydrothermal vessels at 800 °C with oxygen fugacity conditions ranging from NNO-1.61 to NNO+2.96 log units.
introduction
Transition elements can affect glass (melt) properties such as density, viscosity, and refractive index (see Mysen and Richet 2005) . Moreover, their structural role in the melt affects their partition coefficients between melt and crystals in natural systems and it is, therefore, important to understand the behavior of minor and trace elements during crystallization. Understanding the control exerted by melt composition, P, T, and f O2 conditions on the local structure of the transition elements is then of fundamental importance in relating the atomistic structure of silicate melts to their macroscopic properties. Despite the importance of these data, this is a strongly debated topic and many studies and spectroscopic techniques have been used to clarify the structural role of transition elements.
Iron, the most common transition element in natural magmas, can exist in silicate melts in various oxidation states and coordination numbers. Common Fe species in silicate melts and glasses include [4] Fe 2+ , [5] Fe 2+ , [4] Fe 3+ , and [5] Fe 3+ (see Wilke et al. 2001 Wilke et al. , 2006 Rossano et al. 2000 Rossano et al. , 2008 Jackson et al. 1993 Jackson et al. , 2005 Giuli et al. 2002 Giuli et al. , 2005 Giuli et al. , 2008 Magnien et al. 2004 ). In few cases, minor [6] Fe 3+ (Wilke et al. 2004 ) and [6] Fe 2+ (Calas and Petiau 1983; Virgo and Mysen 1985) have been reported. Variation of the relative proportions of these species implies * E-mail: gabriele.giuli@unicam.it † The Amorphous Materials special section papers are presented as a group at http://www.minsocam.org/msa/ammin/toc/ and on GSW at http://ammin.geoscienceworld.org/site/misc/virtual_spe-cial_list.xhtml. ‡ Present address: SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, U.S.A. § Present address: ONDRAF/NIRAS, Avenue des Arts 14, 1210 Brussels, Belgium.
variations in <Fe-O> distances and bond strengths, thus affecting glass (melt) polymerization, partial molar volumes of Fe species, density, and viscosity. As varying oxygen fugacity affects the Fe oxidation state of a melt, oxygen fugacity is expected to trigger considerable variations in the viscosity of melts where Fe is a major element (Cukierman and Uhlmann 1974; Dingwell 1991; Giuli et al. 2011; Dingwell et al. 2008) .
In a more general sense, Fe can affect considerably the melt structure and all related properties in silicate melts and magmas, when present in major amounts, in relation to several variables like P, T, oxygen fugacity, and bulk melt composition. Alkali content is also known to affect Fe oxidation state in silicate melts (see Duffy 1992 Duffy , 1996 Moretti and Ottonello 2003 and references therein) , but no measurements are available up to now to quantitatively assess to which extent alkalis can modify Fe structural role in glasses (melts). For this reason, in this work we have investigated the Fe structural role and oxidation state in three series of synthetic S-bearing rhyolitic glasses characterized by different peralkalinity and produced in a range of different oxygen fugacity conditions to study the effect of the alkali content on the Fe oxidation state.
mAteriAls And methods
The glasses were produced in the frame of a sulfur solubility study by Scaillet and McDonald (2006) . Three compositions were chosen using well-characterized peralkaline rhyolitic obsidians from the Naivasha area and the Kenya Rift Valley: two mildly peralkaline comendites (ND and SMN) and a pantalleritic obsidian (EBU). These compositions display a range of (Na 2 O+K 2 O)/Al 2 O 3 ratios (from 1.05, 1.31 to 1.88 for the ND, SMN, and EBU, respectively) and Fe contents (0.63, 2.11, and 4.96 total FeO for ND, SMN, and EBU, respectively). Powdered glasses, mixed with 1 wt% S, were sealed in Au capsules and held at 800 °C 1.2 kbar in cold-seal pressure vessels fitted with a H 2 membrane. The f O2 was varied with Ar-H 2 mixtures. More experimental details on the synthesis can be found in Scaillet and McDonald (2006) . The compositions of the resulting glasses are reported in Table 1 in the form of weight percent oxide content. The Fe content (originally reported as total FeO) has been partitioned between FeO and Fe 2 O 3 according to the XANES determined Fe 3+ /(Fe 3+ +Fe 2+ ) ratio. The polymerization of the tetrahedral network has been expressed as the non-bridging oxygen to tetrahedral cation ratio (NBO/T), according to the procedure by Mysen and Richet (2005) . To calculate the amount of tetrahedrally coordinated cations, Al and Si were considered to be present as fourfold-coordinated, whereas Fe 2+ as fivefold-coordinated and Fe 3+ as fourfold-and/or fivefold-coordinated according to the XANES data of the samples.
Samples for absorption measurements were prepared as glass fragments embedded in resin with a finely polished surface. The standards used for XANES measurements are: a staurolite from Canton Ticino (Switzerland) and a synthetic Fe-åkermanite for Fe 2+ in tetrahedral coordination; a grandidierite from Madagascar for Fe 2+ in trigonal dipyramidal coordination; a synthetic kirschsteinite, and a siderite from Erzberg (Austria) for Fe 2+ in octahedral coordination; a natural andradite from Italy, and a natural aegirine from Malawi for Fe 3+ in octahedral coordination; a natural yoderite from Mautia Hills (Tanzania) for Fe 3+ in fivefold coordination; a tetra-ferriphlogopite from Tapira (Brazil) for Fe 3+ in fourfold coordination (Giuli et al. 2001) . The natural standards were separated by hand picking from thumb-sized crystals choosing the clearest portions to avoid impurities. All the standards were checked for purity by both optical microscopy and X-ray diffraction.
Model compounds for X-ray absorption spectroscopy (XAS) measurement were prepared by smearing finely ground powder on a Kapton tape, whereas the glass samples were prepared as slides with polished surfaces. The flat sample surface was placed at 45° from the X-ray beam directed toward the fluorescence detector. Iron K-edge XANES spectra were recorded at room temperature at the ESRF (European Synchrotron Radiation Facility) on the undulator beamline ID26 Solé et al. 1999 ) operating at 6 GeV in 16 bunch filling mode. A fixed-exit Si(311) double-crystal monochromator was used, providing an energy resolution of ~0.2 eV at the Fe K-edge. However, the main limitation for energy resolution is the finite core-hole width of the absorbing element (~1.15 eV at the Fe K-edge; Krause and Oliver 1979) , resulting in a convoluted energy resolution (FWHM, full-width half-maximum) of ~1.4 eV. The energy was calibrated by defining the first derivative peak of a metallic Fe reference foil to be 7112.0 eV. Energy reproducibility was tested by multiple collections of a Fe model compound; the precision was found to be within ±0.05 eV or better. Two Si mirrors were used for the harmonics rejection of the incident X-ray beam. Beam dimension at the sample was 150 × 300 mm. XANES data were recorded in quick-scan mode by simultaneously scanning the monochromator angle and the undulator gap with a typical energy step of 0.1 eV and counting 44 ms per point. Each scan took 120 s and an average of 12 spectra were taken per sample. The spectra were acquired in fluorescence mode, using a Si photo-diode, and I 0 was monitored by measuring the fluorescence signal of a titanium foil using a Si photo-diode. The sample was positioned at 45° with respect to the beam and the detector.
dAtA reduction
Experimental XANES spectra were reduced by background subtraction with a linear function and then normalized for atomic absorption on the average absorption coefficient of the spectral region from 7170 to 7350 eV. The threshold energy was taken as the first maximum of the first derivative of the spectra, whereas peak positions were obtained by calculating the second derivative of the spectra. Pre-edge peak analysis was carried out following the same procedure reported in Wilke et al. (2001) , Farges (2001) , and Giuli et al. (2002) . The pre-edge peak region was analyzed by first subtracting an arctangent background from the normalized spectra and then by fitting the pre-edge peak by a sum of pseudo-Voigt functions. Pre-edge peak intensities along with energy positions were compared with those of the standards analyzed here and others from the literature (e.g., Wilke et al. 2001; Farges 2001) to extract information on Fe oxidation state and coordination number in the glasses studied. Particular care was taken in using the smallest possible number of components in the pre-edge peak fitting procedure. In particular, the number (and, in some cases, the approximate energy) of the components was constrained to equal the number (and approximate energy) of the minima in the second derivative spectrum of the pre-edge peak. Several procedures have been tried for the pre-edge peak fitting: (1) simultaneous fitting of the background and the pseudo-Voigt component; (2) preliminary background subtraction followed by fitting with pseudo-Voigt component allowing the components to have different FWHM or Lorentian character; (3) preliminary background subtraction followed by fitting with pseudo-Voigt component constrained to have the same FWHM and Lorentian character. The third procedure produced the best results in terms of scatter of pre-edge peak integrated intensity and centroid energy (Giuli et al. 2011 ). In particular, reproducibility of the integrated intensity has been estimated to be within ±0.002 by performing several fits to the background subtracted pre-edge peaks. Use of different procedures for arctangent background subtraction, however, can lead to higher errors in the integrated intensity, up to ±0.035.
The energy-intensity data of the fitted pre-edge peaks were compared with mixing lines calculated as intensity-weighted averages of two end-members: for divalent iron an ideal pre-edge peak has been chosen with integrated intensity equal to 0.11 and an energy 0.9 eV above the edge energy of metallic iron; for trivalent iron several possible pre-edge peak data have been used in the calculation of mixing lines with integrated intensity ranging from 0.2 to 0.35 and with an energy 2.4 eV above the edge energy of metallic iron.
EXAFS data reduction and analysis was done by means of the GNXAS package (Filipponi and Di Cicco 2000) . This program extracts the EXAFS signal [χ(k)] from the raw spectrum without performing Fourier filtering and thus avoids possible bias derived from incorrect background subtraction. The theoretical amplitudes and phase shifts are calculated ab initio according to the muffin-tin approximation. The Hedin-Lundquist complex potential (Hedin and Lundquist 1971) was used for the exchange-correlation potential of the excited state. The amplitude reduction factor (S 0 2 ) has been fixed to 0.83, in agreement with the values observed for several crystalline standard and natural glasses (Giuli et al. 2002) . This value is close to that used by Farges et al. (1994) 
results

XANES
Iron K-edge XANES spectra of the silicate glasses are shown in Figures 1a, 1b , and 1c arranged in order of increasing oxygen fugacity (ranging from NNO-1.61 to NNO+ 2.96 log units) from bottom to top. There is an evident increase of the edge energy with increasing oxygen fugacity. Clear variations are visible in the edge region in the shape of the absorption maximum and in the intensity and energy position of the pre-edge peak labeled as P. These changes can be related to a variation in the Fe oxidation state and local structure.
This peak (P) is due to an s-d like electronic transition. Although dipole-forbidden, it becomes partially allowed by mixing of the d-states of the transition metal with the p-states of the surrounding oxygen atoms. This implies that the pre-edge peak energy position and intensity are greatly affected by the average Fe oxidation state and coordination geometry Petiau 1983a, 1983b; Brown et al. 1995; Wilke et al. 2001 ). In particular, accurate evaluation of the pre-edge peak centroid energy and integrated intensity and comparison with those of Fe model compounds can provide quantitative information on both Fe oxidation state and coordination environment (see Wilke et al. 2001; Farges 2001; Giuli et al. 2002) : its intensity will be minimal in case of regular octahedral symmetry (O h ) around the absorber, whereas it will reach its maximum in the case of tetrahedral coordination (T d ).
The background subtracted pre-edge peaks are shown in Figures 2a, 2b , and 2c along with the pseudo-Voigt components and their sums, whereas their centroid energies and integrated compounds. In particular, whereas the first and last components can be ascribed to contributions from Fe 2+ and Fe
3+
, respectively, the component at intermediate energy results from contributions from both divalent and trivalent iron. The relative importance of divalent or trivalent Fe causes an increase of the respective components resulting in an energy shift of the pre-edge peak centroid. The integrated intensity of the pre-edge peaks vs. their centroid energies are plotted in Figure 3 along with the data of Fe model compounds analyzed here and elsewhere (Wilke et al. 2001; Farges 2001; Giuli et al. 2002) . For the sake of simplicity, the relative energy is plotted (0 refers to the first maximum of the first derivative of metallic Fe spectrum) to avoid confusion when comparing data with literature data where a different edge energy value for metallic Fe has been chosen. All divalent Fe model compounds plot at energies close to 0.9 eV above the metallic Fe edge, whereas trivalent Fe model compounds plot at energies close to 2.5 eV. At constant energy, the intensity of the model compounds pre-edge peaks varies according to the Fe coordination geometry (the shaded ellipses refer to the range of coordination numbers in Fe model compounds).
To obtain quantitative data on Fe oxidation state and coordination number, mixing lines have been calculated between pre-edge peak intensity and energy values representative of possible Fe structural roles in silicate glasses (e.g., [4] . However, experience on many natural and synthetic glasses (e.g., Giuli et al. 2002 Giuli et al. , 2003 Giuli et al. , 2005 Giuli et al. , 2008 Giuli et al. , 2011 for which both XANES and EXAFS data are available, suggests the presence of predominantly [4] Fe 2+ and [5] Fe 2+ ; rarely is [6] Fe 2+ found to be important. Thus, we propose that in the glasses studied here divalent Fe is present mainly in fivefold coordination. On the other hand, trivalent Fe is clearly present in a different coordination environment. A comparison between mixing lines is consistent with higher pre-edge peak intensity of the trivalent Fe end-members when going from the ND to EBU series, thus suggesting a lower Fe 3+ coordination number with increasing (Na 2 O+K 2 O)/Al 2 O 3 ratio. It must be noted that, despite the paucity of standards with fourfold and fivefold-coordinated iron, there is a considerable scatter in the pre-edge peak integrated intensity of standards with the same coordination number and oxidation state, especially for tetrahedrally coordinated Fe 2+ and Fe 3+ . This scatter introduces a large error in the quantitative determination of the coordination number of our samples: whereas the pre-edge peaks of standards with [5] Fe 2+ have integrated intensity at or very close to 0.1, the integrated intensity of the pre-edge peaks of standards with [4] Fe 3+ range from 0.24 to 0.40 (see Table 2 ). Figure 3 also shows that the silicate glasses data plot within three different regions, which form a trend of progressive oxidation. Although each series has been synthesized in the same oxygen fugacity range, there is a clear shift to higher energy (i.e., to higher Fe oxidation states) with increasing (Na+K)/Al ratio (from 1.04 for ND to 1.31 for SMN and 1.81 for EBU). The trend observed in Figure 3 shows that, the higher the alkali content, the higher the energy and intensity of the pre-edge peak. Although the compositions of the glasses are complex and also involve changes in the Fe content, the trends support the idea that alkali content strongly affects Fe oxidation state as well as Fe coordination number, producing more tetrahedral Fe 3+ in the glass.
Iron coordination environment
The integrated intensities of the glasses pre-edge peaks can provide information on the average Fe coordination number and thus on the Fe coordination environment. The intensity chosen for divalent Fe for calculation of mixing lines is close to that of grandidierite, thus suggesting that divalent Fe is mostly fivefold-coordinated in all the glasses. However, it Thus, depending on which standards are considered, the resulting average coordination number of the glasses examined can vary considerably. We tentatively suggest that trivalent Fe is found mainly in fourfold coordination in the EBU series and in a mixture of fourfold and fivefold coordination for the SMN and ND series. Should [6] Fe 2+ or [6] Fe 3+ be present in consistent amounts, the pre-edge peak intensity would be sensibly lower. However, their presence in minor amounts cannot be ruled out by XANES data alone.
EXAFS
The experimental, theoretical, and residual EXAFS signals of the EBU3 glass are shown in Figure 5a , whereas their Fourier transforms are shown in Figure 5b (see Table 3 with the essential parameters of the EXAFS fit). The EBU3 glass has been chosen for EXAFS analysis because it displays the highest Fe 3+ /(Fe 3+ +Fe 2+ ) ratio well into the field of [4] Fe 3+ , and it is therefore suitable to quantitatively determine the coordination environment of trivalent iron in these series. Figure 5 shows that the fit is fairly satisfactory. Attempts to refine a distribution of different Fe-O distances did not improve the quality of the fit and resulted in convergence of two or more theoretical signals to the same distance value. In the best fit for the EBU3 EXAFS spectrum, Fe was found to be tetrahedrally coordinated (N = 4 ± 0.5) with a <Fe-O> distance equal to 1.84 Å (±0.02). This distance is close to that found in a [4] Fe 3+ crystalline standard (1.86 Å ±0.02 for tetrahedrally coordinated Fe in tetra-ferriphlogopite; Giuli et al. 2001) , and in other synthetic silicate glasses already characterized by XAS (Giuli et al. 2011) where trivalent Fe has been found to ) ratio when increasing the (Na+K)/Al ratio from 1.04 to 1.31. On the other hand, there is no marked variation as the (Na+K)/Al ratio is further increased from 1.31 to 1.81. be in tetrahedral coordination and with similar bond distances (1.85 ± 0.01 Å). Thus, the data obtained by EXAFS analysis confirms the Fe coordination number derived from the XANES spectra of this sample. XANES spectra of three series of glasses produced in a range of oxygen fugacity display clear changes in the shape, edge energy position, pre-edge peak position, and intensity, which suggest major changes in the Fe oxidation state and coordination number as a function of both bulk melt composition and oxygen fugacity. The experimental pre-edge peak data form a gross trend from values compatible with the presence of [5] Fe 2+ species only to a region compatible with a mixture of [4] Fe 3+ and [5] Fe 3+ (see Fig. 3 ), although the presence of minor [6] Fe 2+ or [6] Fe 3+ cannot be excluded from XAS data alone. The scatter of all the data points within the calculated mixing line indicates that the ratio between [4] Fe 3+ and [5] Fe 3+ species is not constant through all oxygen fugacity conditions studied. Exact estimation of the ratio between [4] Fe 3+ and [5] Fe 3+ species is hindered by the wide range of pre-edge peak integrated intensities of Fe model compounds. However, it is reasonable to assume that the average coordination number of divalent Fe is fivefold in all the samples, whereas trivalent Fe can be in fourfold coordination in the EBU series and in a mixture of fourfold and fivefold coordination can be found in the SMN and ND series. The observed decrease of the average Fe coordination number at increasing alkali content is in agreement with data from Spiering and Seifert (1985) and . However it should be noted that, assuming that all the trivalent iron is tetrahedrally coordinated in the EBU series, whereas about half of the trivalent iron is tetrahedrally coordinated in the ND and SMN series, the ratio between the sum of alkalis and tetrahedral Al and Fe 3+ is always greater than one [<(Na+K)/(
[4] Al+ ) ratio increasing the (Na+K)/Al value from 1.04 (ND) to 1.31 (SMN). On the other hand, there is no marked variation as the (Na+K)/Al ratio is further increased from 1.31 to 1.81 (EBU). Within experimental error, the Fe oxidation states of the SMN and EBU series are very similar (Fig. 4) , however the EBU glasses display a sharp increase of the fraction of trivalent iron (from 0.52 to 0.69 ± 0.05) at f O2 values ranging between -13 and -12.4. Moreover, the EBU series displays more tetrahedral Fe 3+ than SMN as evidenced by the higher pre-edge peak intensity of the EBU samples (see Fig. 3 ).
As a significant fraction of the trivalent iron is tetrahedrally coordinated in the studied glasses, in going from reducing to oxidizing conditions there is an overall increase of the tetrahedrally coordinated (network-forming) Fe, which leads to a slight increase of the overall glass polymerization. The EBU series has the lowest NBO/T values (Table 1) , because all trivalent Fe is tetrahedrally coordinated.
EXAFS data confirmed that trivalent Fe is tetrahedrally coordinated in the most peralkaline glasses. For the most oxidized sample (EBU3) the determined <Fe-O> distance (=1.84 ± 0.02 Å) is compatible to that of tetrahedrally coordinated trivalent iron in rodolicoite (1.8255 Å; Arnold 1986) or in tetra-ferriphlogopite (1.86 Å, Giuli et al. 2001) . Furthermore, the refined coordination number is consistent with tetrahedral coordination (4 ± 0.5).
